The cooperative formation of a higher-order complex between transcription factors NFAT and Fos-Jun is accompanied by conformational changes in both DNA and protein. This allows formation of an extended interface between the proteins, while conserving recognition of the core DNA binding sequences.
A well-studied example of the cooperative induction of transcription is the activation of the interleukin-2 (IL-2) gene in T cells, which occurs on the presentation of cognate antigen to the T-cell antigen receptor. This presentation results in the activation and translocation to the nucleus of one of the 'nuclear factors of T cells' (NFAT). However, activation of transcription of the IL-2 gene requires not only activated NFAT, but also activated Fos-Jun heterodimer. Adjacent binding sites for NFAT and Fos-Jun in the IL-2 gene's upstream regulatory region are both of low affinity, high occupancy occurring only in the presence of both activated components; in vitro, the DNA-binding domains of the two transcription factors are sufficient for cooperative binding to DNA [4] . These proteins have different DNAbinding domains: that of the Fos-Jun heterodimer is a typical basic-leucine zipper (bZIP) domain, with one end of a continuous α helix forming a coiled-coil with its partner, and the other making sequence-specific contacts in the major groove of DNA; that of NFAT is distantly homologous to the DNA-binding regions of Rel family transcription factors, such as NF-κB, and is consequently known as the 'Rel homology region' (RHR).
The nature of the interactions between NFAT and the Fos-Jun heterodimer, and the conformational changes on complex formation, have recently been illuminated by the determination of two structures -the solution structure of the RHR of NFAT binding to its cognate site [5] , and the crystal structure of a quaternary complex containing the RHR of NFAT and the bZIP moiety of Fos-Jun bound to a composite DNA site [6] . Although it has been apparent for some time that the recognition helices of the bZIP motif are ordered only in the presence of DNA [7] , Zhou et al. [5] observed that DNA binding by the NFAT RHR also resulted in the ordering of two loops, one of which makes contacts with both DNA and the Fos-Jun bZIP motif in the quaternary complex.
The structure of the Fos-Jun component of the quaternary complex differs from that of Fos-Jun bound alone to DNA in two important respects. The first major difference is that, in the ternary complex of Fos-Jun and DNA, the DNA is bent by at most 10° towards the major groove facing the coiled-coil [8] , a value largely consistent with measurements of the bend angle by cyclisation kinetics [9] . In the quaternary complex, however, this bend is increased to ~20° in the same direction. One consequence of this distortion is, not to narrow the major groove, but instead to displace the sugar-phosphate backbone so that the adjacent minor groove abutting the NFAT binding site is narrowed.
The second major difference between the two complexes lies in the Fos-Jun segments themselves. The coiled-coil interactions are maintained, but the Fos segment flexes at the fork by ~15°. This flexibility between the coiled-coil and the basic regions, which was already apparent from crystallographically distinct structures of the ternary Fos-Jun-DNA complex [8] , maintains the local major groove interactions between Fos and DNA, and at the same time shifts the axis of the coiled coil so that it leans away from the perpendicular to the DNA double-helical axis and towards NFAT. The concerted changes in structures of the DNA and protein thus conserve local contacts but alter the overall geometry of the complex.
Comparison of the solution structure of the NFAT-DNA complex with the corresponding elements of the quaternary complex shows that the protein structure is again remodelled, but in this case the change is also accompanied by an alteration in the local DNA-protein contacts. In the quaternary complex, the DNA-binding domain of NFAT is reoriented relative to the DNA by a 20-24°r otation towards the Fos-Jun coiled-coil along the long axis of the DNA, and a 10-13° pivot perpendicular to it [5] (Figure 1) . Concomitantly, an arginine residue in one of the loops stabilised on DNA shifts from making a bidentate contact with bases T7 and T6′ in the minor groove of the NFAT recognition site to contacting the carbonyl group of base T8, closer to the Fos-Jun contacts. There are also two contacts between the NFAT RHR and DNA that appear unique to the binary complex, yet recognition of the core NFAT site, GGAAA, is conserved between the two complexes.
The cooperativity between NFAT and Jun-Fos is presumably driven by formation of the extensive contact surface between the two partners, involving primarily polar interactions. This interaction results in the formation of a composite continuous DNA-binding groove for the recognition of 15 base pairs (Figure 2) , with the induced bend creating the appropriate alignment of the respective recognition sequences. Although the structural changes in the bound DNA on formation of the quaternary complex are likely to be unfavourable, any energetic penalty for the extra distortion would be small and more than compensated for by the additional protein-protein contacts.
Although solving the structure of the quaternary NFAT-Fos-Jun-DNA complex was a formidable crystallographic challenge, the complex is relatively simple compared to the multiprotein complexes such as the 'enhanceosomes' that bind to enhancer elements [10] . To build such complex structures, additional inter-protein contact surfaces need to be maintained or established. Conformational remodelling could act in such a way or, as suggested by Zhou et al. [5] , the flexibility of the individual constituents could free higher-order complex formation from the strictures of rigid geometrical constraints. A limited flexibility might, however, also confer additional selectivity in partner selection. Cooperative binding should normally fulfill at least two requirements -that the recognition of the core DNA binding sequence is maintained, and that a protein-protein interface is established. The core sequences, which can often be recognised by several members of a transcription factor family, establish a spatial constraint which may allow interface formation only between particular partners, and preclude interface formation between others, depending on the permitted flexibility of the proteins involved.
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There are strong parallels between the structure of the quaternary NFAT-Fos-Jun-DNA complex and that of the ternary complex containing the yeast MATα2 homeodomain protein and the MADS box transcription factor MCM1 bound to DNA [3] . In the latter complex, DNA bending induced by MCM1 brings the two proteins into close proximity, facilitating cooperative binding. Contact between the two proteins also requires a structural reordering, in which the otherwise flexible amino-terminal extension of the MATα2 homeodomain forms a β-hairpin that grips the MCM1 surface by making parallel β-strand hydrogen bonds coupled with hydrophobic packing. Additional conformational flexibility in this case comes from the ability of a sequence of eight amino acids in this aminoterminal extension to exist as either a β strand or an α helix.
The more general picture is one in which the assembly of a higher-order protein-DNA structure from its individual component complexes does not follow the principles of Legoland. Structural remodelling of one or more of the participants may be the rule, rather than the exception. Other examples include the distortion of nucleosomal DNA that occurs on binding of linker histone, generating a structurally asymmetric particle, and the twisting of one of the two DNA-binding domains of the TATA-boxbinding protein relative to the other on interaction with DNA and TFIIB [1, 2] . 
